Hepatocytes derived from human embryonic stem cells (hESCs) or induced pluripotent stem cells (iPSCs) could provide a defined and renewable source of human cells relevant for cell replacement therapies and toxicology studies. However, before patient-specific iPSCs can be routinely used for these purposes, there is a dire need to critically compare these cells to the golden standard-hESCs. In this study, we aimed at investigating the differences and similarities at the transcriptional level between hepatocyte-like cells (HLCs) derived from both hESCs and iPSCs. Two independent protocols for deriving HLCs from hESCs and iPSCs were adopted and further characterization included immunocytochemistry, real-time (RT)-polymerase chain reaction, and in vitro functional assays. Comparative microarray-based gene expression profiling was conducted on these cells and compared to the transcriptomes of human fetal liver and adult liver progenitors. HLCs derived from hESCs and human iPSCs showed significant functional similarities, similar expression of genes important for liver physiology and common pathways. However, specific differences between the 2 cell types could be observed. For example, among the cytochrome P450 gene family, CYP19A1, CYP1A1, and CYP11A1 were enriched in hESC-derived HLCs, and CYP46A1 and CYP26A1 in iPSC-derived HLCs. HLCs derived from hESCs and human iPSCs exhibited broad similarities but as well meaningful differences. We identified common upregulated transcription factors, which might serve as a source for generating a cocktail of factors able to directly transdifferentiate somatic cells into HLCs. The findings may be vital to the refinement of protocols for the efficient derivation of functional patientspecific HLCs for regenerative and toxicology studies.
Introduction
C urrently, chronic liver diseases can only be treated effectively applying transplantation surgery. This treatment is very limited due to the dependence on the availability of donated organs. An alternative therapeutic approach would be to increase the number of functional hepatocytes by cell transplantation. Especially since the potential of cell replacement therapy has already been demonstrated by the use of primary adult hepatocytes in animal models of liver diseases [1] . In addition, the primary human hepatocytes (PHHs) routinely applied in drug toxicology assays posses several constraints, including heterogeneity and limited culture potential. Differentiation protocols triggering cultured pluripotent human embryonic stem cells (hESCs) into functional hepatocytes have been found to mimic hepatogenesis by addition of soluble medium factors and reconstruction of cellmatrix [2] [3] [4] [5] . These derived hepatocytes could thus provide a defined and renewable source of human cells relevant for cell therapies and also for industrial in vitro tests.
Recently, the generation of hepatocyte-like cells (HLCs) has been also demonstrated to be feasible with humaninduced pluripotent stem cells (iPSCs) [6] [7] [8] [9] , which are a novel stem cell type derived from somatic cells through ectopic expression of a defined set of transcription factors normally expressed in ESCs [10] [11] [12] [13] . Indeed given their isogenic nature, iPSCs appear as a promising source for patientspecific hepatocytes [14] [15] [16] . However, recent genome-wide analysis revealed specific gene expression differences between hESCs and iPSCs [17] . Moreover, distinct differentiation potential and functional differences between iPSC and ESC derivatives have been demonstrated [18] .
In an attempt to address these issues, we have applied 2 distinct protocols previously established for hESCs [3, 5] and derived HLCs from human iPSCs to determine whether iPSCs are capable of adopting a similar hepatic fate as hESCs. In addition, as the future utilization of these cells for in vitro toxicity tests and regenerative medicine will require detailed understanding of their transcriptomes, we have performed a critical transcriptome comparison between hESC-and iPSC-derived hepatocytes.
The analysis of the HLC transcriptomes revealed a broad spectrum of molecular cascades involving cell surface receptors, transcriptional regulators, cytochromes, and associated signaling pathways known to be active during hepatogenesis. Most importantly, hESC-and iPSC-derived HLCs showed vast transcriptional similarities as well as potentially relevant differences when compared to fetal liver and adult hepatic progenitors. We believe that these findings are vital to the refinement of efficient protocols for the eventual derivation of highly functional patient-specific HLCs that could be suitable for either cell replacement therapies or screens for drug toxicity.
Materials and Methods

Cell culture
hESC lines H1 and H9 (WiCell Research Institute) from passage 39 to 66 were maintained under sterile conditions in a humidified incubator in a 5% CO 2 -95% air atmosphere at 378C (INNOVA CO-170 Incubator; New Brunswick Scientific). In a routine culture, cells were maintained on Matrigel Ò in conditioned media [19] . Before initiating differentiation, cells were washed with phosphate-buffered saline (PBS) without Ca 2þ Mg 2þ (Gibco, Invitrogen). Human iPSCs were previously generated [20] . In the present study, 2 lines (iPS2 and iPS4) were used for HLC generation.
PHHs (Ready HepsÔ Fresh Hepatocytes; Lonza, 65-yearold male of Asian origin), hepatocellular carcinoma (HepG2, ATCC, and HB-8065; LGC Promochem), and human foreskin fibroblasts (HFF1, ATCC, and CRL-2429; LGC Promochem) cells were used as positive and negative controls, respectively, for the hepatocyte functional assays and immunocytochemistry. HepG2 and HFF1 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) (high glucose; Gibco, Invitrogen) supplemented with fetal bovine serum [(10% (v=v); Biochrom AG, Berlin], 200 mM L-glutamine [1=100 (v=v); Gibco, Invitrogen], and penicillin-streptomycin [1=100 (v=v); Gibco, Invitrogen].
Differentiation into HLCs
The derivation of HLCs from the hESC lines H1 and H9 followed protocols described by Hay et al. [5] and Agarwal et al. [3] . iPSC lines (iPS2 and iPS4) used for the differentiation were between passage 16 and passage 20. Differentiation was initiated when cells reached 60%-70% confluence. RNA samples were extracted after each step of the differentiation protocol to examine the activation of endoderm and hepaticassociated genes. In addition, 2 iPSC lines (iPS2 and iPS4) were differentiated according to the Hay et al. protocol. On day 18, the cells were harvested for RNA isolation or used for immunofluorescence analysis and functional tests.
Real-time-polymerase chain reaction analysis
Using the RNeasyÔ Mini Kit (Qiagen), total RNA was isolated from cells possessing hepatocyte-like morphologies.
This was achieved by scrapping off from the plate the cells that did not possess hepatocyte-like morphologies. Reverse transcription was carried out as previously described [21] . Real-time (RT)-polymerase chain reaction (PCR) was carried out on the Applied Biosystems 7900 instrument. Each gene was analyzed in triplicate. Three biological replicates were used of samples collected through both differentiation protocols for both hESC lines (H1 and H9). For iPSC experiments 2 biological replicates were used. Relative mRNA levels were calculated using the comparative CT method (ABI instruction manual) and presented as a percentage of the biological controls (undifferentiated hESCs). mRNA levels were normalized using GAPDH.
Immunocytochemistry
Immunocytochemistry was performed as previously described [20] . Briefly, cells were washed fixed with 4% paraformaldehyde, permeabilized with 1% Triton X-100, and blocked in PBST containing 1% bovine serum albumin (Fraction V, 99% purity; Sigma) and 5% normal chicken serum (Vector Laboratories, Inc.). Primary and secondary antibodies were then applied and cells were finally incubated with DAPI solution (Molecular Probes, Invitrogen). Fluorescence was examined under the confocal microscope (LSM510 Meta; Zeiss). Primary and secondary antibodies used are listed in Supplementary Table S1 (Supplementary Data are available online at www.liebertonline.com=scd).
Functional assays for HLCs
Periodic Acid-Schiff (PAS) Staining System (SigmaAldrich) was applied to identify glycogen storage. Cells were fixed with 4% paraformaldehyde for 15 min and stained according to manufacturer's instructions. Cellular uptake and release of indocyanine green (ICG; Cardiogreen, ICG; Sigma) [22, 23] was performed to confirm the presence of albumin in hESC-derived HLCs and ability to uptake and excrete substances. Stock solution (5 mg=mL) of reagent was prepared in DMSO (Sigma) and freshly diluted in culture media to 1 mg=mL. For the initial experiments, hESCs were incubated in culture media supplemented with ICG for 30 min at 378C. The cells were washed with PBS and uptake of dye was documented. The release of ICG was examined after 6 h. Subsequently, for both hESCs and iPSCs-HLCs (incubated with 1 mg=mL of ICG at 378C for 2 h) excretion of ICG after 6 h was observed in some extent; however, we observed that the compound had been completely excreted the next day. Thus, we used the latter time point for our final comparison between iPSC-and hESC-derived HLCs. Undifferentiated hESCs and iPSCs were applied as a control and were negative for both, PAS staining and ICG uptake ( Supplementary  Fig. S1 ). PHHs were used as a positive control. The results of both assays were examined under an Olympus CK2 phase-contrast microscope and representative morphology was recorded at a magnification of Â50 using a Canon 300D digital camera.
In addition, urea secretion was quantified by a colorimetric assay QuantiChromÔ Urea Assay Kit (DIUR-500 BioAssay Systems) following the manufacturer's instructions. The assay detects urea directly by using substrates that specifically bind urea. Urea assays were carried out in 96-well plates, and 2 JOZEFCZUK ET AL.
concentrations were measured using a plate reader. Urea production by the cells was quantified in 24 h conditioned medium from HepG2, iPS2-HLCs_P1, iPS4-HLCs_P1, hESCsHLCs_P1, hESCs-HLCs_P2, and PHHs (7Â10 5 cells). Medium from definitive endoderm-differentiated hESCs (hESCs-DE) was used as a negative control. Two biological replicates for each sample were analyzed. The levels of urea are presented as a percentage, considering measured levels of urea in mg= dL=24 h for 7Â10 5 of PHHs as 100%.
Illumina BeadChip hybridization
Chip hybridizations have been performed as previously described [21] . We hybridized the following samples in biological triplicates-Protocol 1 (P1) [5] : H1 cell line passage 53 (hESCs_P1, control), hepatocyte-like cells (hESCs-HLCs_P1); Protocol 2 (P2) [3] : H1 cell line passage 60 (hESCs_P2, control), hepatocyte-like cells (hESCs-HLCs_P2). iPSCs (iPSC2 and iPSC4) and HLCs-iPSCs_P1 were hybridized as 2 biological replicates. Two technical replicates (4 arrays) of RNA from fetal human liver (Stratagene, MVPÔ Total RNA: tissue from single male donor, 18th week of gestation) were hybridized. The male RNA was analyzed since H1 hESC line used to generate HLCs is as well of male origin and iPSCs have been generated from male fibroblasts. Data reproducibility was demonstrated by clustering of all hybridized samples and correlations of the biological replicates. All biological replicates in each group clustered together and the correlations coefficients (0.9835-0.9981) indicate a high degree of correlation between samples (data not shown).
Data analysis and statistical methods
Raw data obtained using the manufacturer's software BeadStudio 3.0.19.0. was imported into the Bioconductor environment [24] and quantile normalized using the bioconductor package Beadarray [25] . Pair-wise Pearson correlation coefficients were calculated for all samples. Variance and cluster analyses were performed using the R environment [26] . Filtering and compilations of data were carried out using MS Excel. Differential gene expression and analysis of variance (ANOVA) analyses were performed using the TIGR-MEV [27] . Differential gene expression was calculated between all groups by the ANOVA analysis; P values were calculated based on F-distribution, with a critical P value of 0.05. For the ANOVA analysis, we created 2 separated contrast matrices for the P1 samples and P2 samples, respectively. The fetal liver samples were added to both groups. Based on these results, for each gene we obtained P values that indicate the magnitude of gene expression variation throughout the samples of the tested group. Additionally, a list of genes expressed in human liver progenitors (HLPs) generated by us [21] has been used.
Differentially expressed genes were further filtered according to Gene Ontology terms or mapped to KEGG pathways using DAVID 2008 (http:==david.abcc.ncifcrf.gov) [28, 29] . For analysis, we used Illumina Gene IDs represented by the corresponding chip oligonucleotides as input. To examine potential interactions between 115 genes common between hESC-and iPSC-derived HLCs we have applied the STRING tool (http:==string-db.org=) [30] to generate proteinprotein interaction networks.
All original gene array files are available from the Gene Expression Omnibus (GEO) database (www.ncbi.nlm.nih .gov=geo=) (accession no. GSE25744).
Results
Differentiation of hESCs into HLCs using 2 independent multistage protocols
We have adopted 2 published differentiation protocols P1 [5] and P2 [3] , which involved a DE induction step and sequential treatments of the derived DE cells with cytokines essential during hepatogenesis in vivo. We observed constant changes in morphology of hESCs from the undifferentiated stage (small cell sizes, defined colony borders) through to the DE stage (less dense, flatter cells) to HLCs (Figs. 1 and 2). For both protocols immunocytochemical analyses (Figs. 1 and 2) and real-time RT-PCR ( Fig. 3) were further employed to confirm the extent of differentiation. As presented in Figs. 1 and 2, the differentiation did not give rise to a homogenous population of cells. Immunocytochemical analysis of PHHs was performed to better observe the extent of differentiation of both ESCs and iPSCs (Fig. 4) .
To study the functionality of hESC-derived HLCs, we examined glycogen storage using PAS, and the ability of uptaking and excreting compounds by using ICG (Fig. 5A) . In contrast to fibroblasts, HLCs exhibited glycogen storage capabilities and demonstrated the competence of uptake and
FIG. 4.
Immunocytochemical analysis of primary human hepatocytes (PHHs). Immunostaining analysis was used to confirm the expression of markers that define adult hepatocytes (ALB and CK18) and the lack of expression of definitive endoderm marker (SOX17) and fetal liver marker [a-fetoprotein (AFP)] in human mature hepatocytes. Scale bar ¼ 100 mm. Color images available online at www .liebertonline.com=scd. 
FIG. 5. HLCs exhibit hepatocyte-like functions. (A)
Periodic acid-Schiff (PAS) assay was performed on hESCderived HLCs (H1 and H9), HepG2, and human foreskin fibroblast (HFF). Glycogen storage is demonstrated by pink or dark red-purple staining within the cytoplasm. hESCs at the end of the differentiation protocols, PHH, HepG2 (positive controls), and HFF (negative control) were examined for their ability to take up indocyanine green (ICG) and release it 6 h later. The results of both assays were examined under an Olympus CK2 phase-contrast microscope and at a magnification of Â50 using a Canon 300D digital camera. (B) Analysis of urea production in hESCs-DE, HepG2, iPS2-HLCs_P1, iPS4-HLCs_P1, hESCs-HLCs_P1, hESCs-HLCs_P2, and PHHs (7Â10 5 cells). Two biological replicates of each sample were analyzed. The levels of urea are presented as a percentage, considering measured levels of urea in mg=dL=24 h for 7Â10 5 of PHHs as 100% (100% ¼ 53.02 mg=dL=24 h). The error bars indicate the standard errors of the mean. Color images available online at www.liebertonline.com=scd.
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excretion of ICG. For both functional tests, the PHHs and hepatocellular carcinoma cell line (HepG2) were used as positive controls. In addition, hESCs-HLCs_P1, hESCs-HLCs_P2, iPS2-HLCs_P1, and iPS4-HLCs_P1 exhibited a similar pattern of urea production. The levels of urea are presented as a percentage, considering measured levels of urea in mg=dL=24 h for 7Â10 5 of PHHs as 100% (Fig. 5B) .
Global gene expression analysis of hESCs-HLCs obtained with the 2 differentiation protocols
hESCs-HLCs derived with P1 had 2,459 genes significantly upregulated in comparison to undifferentiated hESCs (P < 0.05, detection P < 0.01, ratio >1.5). In HLCs derived with P2, 3,155 genes were upregulated compared to undifferentiated cells.
To find potential common genes, biological processes and related pathways, data sets from 2 independently derived HLCs and fetal liver were compared. The male fetal liver RNA was used as a reference in accordance with male origin of H1 hESC line and reprogrammed fibroblasts.
The Venn diagram in Fig. 6A illustrates that among the significantly upregulated genes, there are 569 genes expressed in all 3 analyzed samples. Identified genes known to be implicated in hepatic function are shown in Table 1 . Tissue expression signatures enriched in HLCs is presented in Table 2 . hESC-HLCs_P1 and iPSCs-HLCs_P1 (derived applying the same differentiation protocol) possess expression signatures closely related to pancreas and adrenal cortex, whereas the hESC-HLCs_P2 tissue expression signature is similar to fetal liver and appendix.
Comparative differentiation of hESCs and iPSCs into HLCs
We then addressed whether the culture conditions applied to derive HLCs from hESCs are also as efficient in differentiating iPSCs. Both protocols were performed simultaneously; therefore, we could not anticipate which of the 2 protocols would yield a higher efficiency. Indeed, all articles published so far used only a specific protocol and a detailed comparison between different protocols have yet to be done. Based on published works, it seemed that both protocols performed equally in generating HLCs. P1 [5] appeared more suitable for larger scale in vitro toxicology assays, since it was less complex and required addition of a fewer number of recombinant proteins. Hence, we adopted this also for the generation of HLCs from the 2 iPSC lines, iPS2 and iPS4.
The lines iPS2 and iPS4, and the hESC line H1 were simultaneously differentiated. Interestingly, we noted higher levels of cell death in iPS2 and iPS4 than in H1. This suggests [9] .
that iPSCs might have a higher number of cells unable to fully differentiate, possibly due in part to the random viral integration known to occur in virally generated iPSCs [10, 11] . Given this high mortality rate, cells were not split during the course of the differentiation process. Gradually, cells displayed morphological changes from a spiky to a polygonal shape (Fig. 7A) . On day 18, both hESC and iPSCs and derived HLCs (iPSCs-HLCs) had cellular foci exhibiting features of human hepatocytes, including typical polygonal shape, and expression of hepatocyte markers such as a-fetoprotein and ALB (Fig. 7B) .
To investigate the functional capabilities of iPSCs-HLCs, we have performed identical tests like for hESCs-HLCs (Figs. 5B and 7C). Both HLCs exhibited comparable functionality, suggesting that different pluripotent cell sources could be able to generate functionally similar HLCs. Finally, the expression levels of several hepatocyte markers were analyzed by real-time (RT)-PCR. All markers were upregulated in both iPSC-and hESC-derived HLCs compared to undifferentiated cells (Fig. 7D, E) . The level of induction was not as high as in fetal liver, likely due to the fact that fully maturated HLCs were only present in cellular foci and thus under-represented with respect to the total amount of cells.
Comparative global gene expression analysis between hESCs-HLCs and iPSCs-HLCs
Comparative gene expression analysis was performed in hESC-and iPSC-derived HLCs. As expected, the clustering showed high diversity between fetal liver and HLCs (Supplementary Fig. S2A ). The transcriptomes of HLCs were still far from fetal liver but are closer to each other than to undifferentiated hESCs (Supplementary Fig. S2B) .
A transcriptional comparison between hESCs-HLCs and iPSCs-HLCs employing the same differentiation protocol (P1) revealed 411 genes in common (Fig. 6B) . Interestingly, some liver-related genes were specifically enriched within ESCs-HLCs (such as CYP19A1, CYP1A1, and CYP11A1), whereas others were significantly enriched in iPSCs-HLCs only, including CYP46A1 and CYP26A1 (Table 1) . Among genes upregulated (P < 0.05, detection P < 0.01, ratio >1.5) in both hESCs-HLCs (both P1 and P2) and iPSCs-HLCs in comparison to undifferentiated cells, we specifically focused on transcription factors, cytochromes, and cell surface receptors. The highly upregulated (fold changes between 4.5 and 889.97) genes in each category are presented in Table 3 . Supplementary Table S2A-F presents the entire results of this analysis for hESCs-HLCs_P1, hESCs-HLCs_P2, and iPSCs-HLCs_P1, respectively.
To date, the array analysis of hepatocyte-like cells derived from hESCs (hESCs-HLCs_S) and iPSCs (hESCs-HLCs_S) has been performed only by Si-Tayeb et al. [9] employing GeneChip Human Genome U133 Plus 2.0 arrays (Affymetrix). We have analyzed their data to identify genes upregulated upon differentiation (the level of significance was set to 0.05 and expected a fold change of at least 1.5). The analysis revealed that 5,182 genes were upregulated in iPSCs-HLCs compared to iPSCs and 6,344 genes were upregulated in hESCs-HLCs compared to hESCs. The HLCs generated from both hESCs and iPSCs shared the expression of 4,213 genes ( Fig. 6G and Supplementary Table S3 ). This analysis allowed us to fully confirm the transcriptional differences between HLCs generated from hESCs and iPSCs. The HLCs generated from hESCs and iPSCs by Si-Tayeb et al. shared 57% of upregulated genes, whereas the HLCs derived according to P1 in our hands shared 18% of upregulated genes (Fig. 6B, G) . These findings highlighted the importance of global transcriptional studies but also differences that can be attributed to the different microarray platforms used by us (Illumina) and them (Affymetrix).
The comparison of transcriptomes of hESC-and iPSC-derived HLCs and fetal liver (Fig. 6C ) revealed that these cells express a core of 115 genes in common. Among these, 9 were transcription factors, 1 cytochrome, and 11 cell surface receptors (Table 4) . Protein interaction network of these genes is presented in Supplementary Fig. S3 . Interactions were not predicted for 74 of the 115 genes, thus highlighting the novelty of our findings.
However, interactions between genes known to be expressed in the liver like GPX1 and GSTM3 were identified. Interestingly, interaction between proteins involved in fatty acids synthesis and elongation (MCAT and OXSM) were also identified.
Pathway analysis revealed biological processes common in hESC-HLCs_P1 and fetal liver include lipid metabolism, steroid metabolism, lipid transport, and the complement and coagulation cascade pathway ( Table 2 ). The biological processes of fatty acid and alcohol metabolism and the pathways of steroids and polyunsaturated fatty acid biosynthesis were common between hESC-HLCs_P2 and fetal liver. Lipid, sterol, and alcohol metabolic processes were found as common between iPSCs-HLCs and fetal liver (Table 2) .
Finally, we also included in the comparison adult HLPs [21] (Fig. 6D-F) . Interestingly, we observed that HLCs derived from ESCs and iPSCs shared more transcripts in common with fetal liver than with HLPs. Moreover, among the genes expressed in common between HLCs and HLPs, we detected the presence of HLP marker genes. As we previously demonstrated, these genes (such as VGLL and EpCAM) are expressed in common only in the progenitor Table 1 . Hepatocyte-Related Genes Genes upregulated in hESCs-HLCs_P1_P2 and fetal liver FOXA1, LEAP2, MUC1, SERPINA3, SERPINC1, CYP51A1 SERPINF1, SERPING1, SULT1C2, ALDH1A2, ALDH5A1 Genes upregulated in hESCs-HLCs_P1 and fetal liver ALDH1L1, ALDH3A, GSTA4, GSTM4, LHX2, RXRA Genes upregulated in hESCs-HLCs_P2 and fetal liver ALB, AFP, TTR, CEBPA, GATA5, SERPINA1, FGA, FGB, FGG SERPINF2, GSTA1, GSTA2, GSTK1, ABCD1, ABCF3, ABCC5 APOA2, APOB, APOC3, ABCC3 Genes upregulated in hESCs-HLCs_P1 and not iPSCs-HLCs_P1 ITIH5, SERPINA1, SERPINA3, CYP19A1, MGST3, MAOA CYP1A1, CYP11A1, ATF4, C3, HSD17B1, SULT1A2, GSTA1 Genes upregulated in iPSCs-HLCs_P1 and not hESCs-HLCs_P1 CYP46A1, CYP26A1, GPX3, GSTM1, GSTM2, EPHX1, SMARCAL1
Examples of genes involved in hepatocyte physiology and upregulated in hESCs-HLCs, iPSCs-HLCs, and fetal liver.
AFP, a-fetoprotein; hESCs, human embryonic stem cells; HLCs, hepatocyte-like cells; iPSCs, induced pluripotent stem cells.
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state, as their expression is lost in adult liver cells [31] . This would suggest that HLCs may not represent a mature hepatic state but rather an immature progenitor-like state.
Liver signature and cytochromes P450
Since one of the ultimate applications of HLCs is the in vitro hepatotoxicity test, we specifically looked at the expression of detoxifying enzymes. The most abundant CYP in human liver, CYP3A4, and the major cytochromes in fetal liver, CYP3A7 and CYP3A5, were expressed in HLCs but less than 1.5-fold upregulated in comparison to undifferentiated cells. This may imply that these cytochromes might be successfully induced upon stimulation of the cells with appropriate stimuli. On the other hand, the expression of other enzymes such as, CYP46A1 and CYP26B1, was significantly Table 3 ). The heat map presented in Fig. 8A highlights the diversity between cytochromes expressed in fetal liver and those not expressed and specific to the adult liver. Expression of CYP1A1, which is generally detectable in fetal liver and not in adult tissues, was 58-fold upregulated in hESCs-HLCs_P1. In contrast, CYP1A2, which does not play a role in fetal xenobiotic metabolism and is absent during the fetal and neonatal periods, was not significantly upregulated in any of the HLCs. In addition, although members of the CYP2 gene family are generally not expressed at the high levels in the adult liver, CYP2E1, which is known to be active in the metabolism of organic solvents, was found upregulated in both hESCs-HLCs_P1 and iPSCs-HLCs_P1 in comparison to undifferentiated cells [32] .
The pattern of expression of genes crucial for drug metabolism process, which include drug transporters and phase II metabolizing, appeared very similar in both hESC-and iPSC-derived HLCs (Table 5) . However, the expression levels of many phase I and II enzymes were lower in HLCs than in fetal liver. Thus, HLCs may have attained a state exhibiting many hepatic functions but probably incapable of fully recapitulating in vivo liver activities.
Finally, we sought to determine the liver-specific signature of HLCs (Fig. 8B) [33] . Transcriptional differences between hESCs-HLCs_P1, iPSCs-HLCs_P1, and hESCs-HLCs_P2 could be observed. The expression pattern of hESCs-HLCs_P1 and iPSCs-HLCs_P1 was more similar to each other than to hESCsHLCs_P2 (and hence more similar to fetal liver when we concentrate only on genes assigned as a liver signature). In all 3 HLC samples analyzed, high expression of SERPINA3, SER-PINF1, SERPINB1, SERPING1, and SERPINH1 was observed. This is of particular interest because the SERPIN gene family are involved in the inhibition of serine proteases in the plasma and regulation of the complement cascade [34] . The SERPINs are abundantly secreted by liver and play a key role in controlling blood coagulation. Moreover, the complement and coagulation pathway was found as a common pathway shared between hESCs-HLCs and fetal liver. The presence of many SERPIN genes among the highly expressed genes confirms the expression of genes important for liver function.
Discussion
Treatment of chronic liver diseases with transplantation surgery is currently undermined by the limited availability of donated organs. Moreover, the PHHs routinely used in   FIG. 7 . Generation of HLCs from iPSCs. HLCs were generated from hESC H1 line and from iPSC iPS2 and iPS4 lines using a 3-step protocol previously demonstrated in hESCs [5] , illustrated in Fig. 1 (P1) . Glycogen deposits were observed using the PAS staining kit. The ability to uptake and release substances was monitored using 1 mg=mL of the ICG dye. The uptake was determined after 2 h of incubation, whereas the release was detected 18 h later. The results of both assays were examined under an Olympus CK2 phase-contrast microscope and at a magnification of Â50 using a Canon 300D digital camera. Analysis of hepatocyte marker expression by Illumina array (D) and RT-PCR (E) in HLCs derived from H1 (H1-HLCs_P1) and HLCs derived from iPS2 and iPS4 (iPS2-HLCs_P1 and iPS4-HLCs_P1). Color images available online at www .liebertonline.com=scd.
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JOZEFCZUK ET AL. HLCs from iPSCs [6] [7] [8] [9] . Overall, only one group [9] provided functional data (transplanted HLCs) and all mentioned publications compared hESC-and iPSC-derived HLCs mainly on the bases of the expression of few known liver-related genes. Thus, we believe that it is of high relevance to examine in detail the molecular similarities of hESC-and iPSC-derived HLCs. To this end, the use of transcriptomics technique has the potential to reveal common and specific signatures of HLCs obtained from ESCs and iPSCs, by assaying the whole genome and not only the expression of genes already known and expected to be altered on the basis of prior knowledge. We believe that whole genome transcriptional analysis as we have conducted is obligatory if we are to understand the real potential of iPSCs-based liver regenerative medicine and toxicology.
In this work, we have applied and compared 2 distinct multistep protocols for the efficient derivation of HLCs from hESCs. Both protocols were able to recapitulate the progressive specification of DE and hepatocytes during development. However, detailed pathway analysis of global expression profile shows subtle differences. The most significantly regulated pathways in HLCs derived with P2 were the biosynthesis of steroids, which takes place within the liver, and the fetal liver and appendix expression signatures. On the other hand, HLCs obtained with P1 were enriched with genes associated with pancreas and adrenal cortex.
Gene expression signature of HLCs
Transcriptome analysis is a potent tool for deciphering the molecular phenotype and developmental status of hESCand iPSC-derived cell types. Comparing the gene expression pattern of somatic cells generated in tissue culture with their counterparts in developing organs also interlinks in vitro and in vivo differentiation.
We have compared the transcriptomes of in vitro derived HLCs with those of fetal liver being aware of the fact that fetal liver contains a mixture of cell types and the in vitro culture is enriched in cells possessing hepatocyte-like characteristic. In spite of these differences, we found many common genes and pathways crucial for liver physiology.
A further comparison of the transcriptomes of HLCs, fetal liver, and HLPs revealed that HLCs derived from hESCs and iPSCs have more transcripts in common with fetal liver than with adult liver progenitors, implying that the generated cells show fewer traits in common with adult cells. HLCs and HLPs share the expression of genes, like ANXA3 and EpCAM, described by us [19] and others [31] as specific for hepatic progenitors. These findings further suggest that stem cellderived HLCs may contain immature and progenitor-like cells rather than mature hepatocytes. Future studies are warranted to address this problem and aim at generating cells exhibiting a more mature phenotype.
Cytochromes P450 and metabolism of xenobiotics
HLCs should express enzymes crucial for orchestrating drug metabolism and detoxification of which the cytochrome P450 family play a pivotal role. In this regard, we analyzed the expression of cytochromes in HLCs derived from ES and fetal foreskin-derived iPSCs.
Although the HLCs described here exhibit some characteristics of hepatocytes (genes expression=protein profile and hepatic functions), they also appeared to retain some immature characteristics, such as relatively low level expression of cytochrome P450 transcripts and the persistent expression of a-fetoprotein, a marker of fetal rather than adult hepatocytes (Fig. 4) .
The expression of 2 key cytochromes CYP3A4 and CYP3A7 did not appear to be highly induced in hESCs-and iPSCsHLCs. Nonetheless, other cytochrome-related enzymes such as CYP46A1 and CYP26B1 were significantly upregulated in HLCs compare to undifferentiated cells. Various P450 enzymes are involved in the biosynthesis of low-molecularweight compounds acting as regulators at various levels and in different processes in human, such as steroids, prostaglandins, thromboxanes, fatty acid derivatives, and derivatives of retinoic acid [32] . The functions of some of these enzymes are not associated with drug metabolism; for example, CYP11A1 is involved in the first step in the biotransformation of cholesterol, but other P450 enzymes (CYP1A1, CYP1B1, and CYP2E1) that metabolize xenobiotics and drugs known to be expressed in liver were significantly expressed in the HLCs. Overall, since the high level of drug-metabolizing enzymes is one of the prerequisites for hESC-and iPSC-derived (B) Heat map presenting genes described in the literature as liver specific [33] . The heat maps are colored by LOG2 average expression signals according to the color key at the bottom. Genes and samples were clustered by similar expression pattern using an Euclidian distance measure. Color images available online at www.liebertonline.com=scd. hepatocytes to be useful for the investigation of drug metabolism and toxicology, it appears necessary to further improve the differentiation procedures.
Significantly upregulated transcription factors in HLCs might function as drivers for direct transdifferentiation
The differentiation protocols are laborious and it takes around 3 weeks to differentiate pluripotent cells into cells possessing hepatocyte-like features. Recently, it has been shown that mouse fibroblasts can be directly converted into functional neurons, bypassing the intermediate iPSC step [35] . This was obtained by using a combination of transcription factors known to play a critical role in neuronal development. With this approach in mind, our dataset may provide the opportunity to identify transcription factors upregulated in both hESC-and iPSC-derived HLCs.
In particular, we identified 9 transcription factors in common between all HLCs and fetal liver (Table 4) . It is tempting to speculate that these factors may represent promising candidates for the induction of functional hepatocytes directly from somatic cells.
In conclusion, our results suggest that an in vitro system for hepatic differentiation is a potent tool for analyzing molecular pathways associated with hepatogenesis. Our analysis also revealed the activation of genes involved in drug metabolism, thus confirming the usefulness of this protocol for the derivation of HLCs for patient-specific drug toxicology screens. However, further effort is warranted to obtain more mature cells and we anticipate that knowledge gained from our study might aid in attaining this ultimate goal.
